To determine if time spent in objectively measured sedentary behavior is associated with a change in body mass index (BMI) between ages 9 and 15 years, adjusting for moderate-to-vigorous physical activity (MVPA). DESIGN: Prospective observational study of children at ages 9 (2000), 11 (2002), 12 (2003) and 15 years (2006). Longitudinal quantile regression was used to model the influence of predictors on changes at the 10th, 25th, 50th, 75th and 90th BMI percentiles over time. SUBJECTS: Participants were enrolled in the National Institute of Child Health and Human Development (NICHD) Study of Early Child Care and Youth Development and include both boys and girls (n ¼ 789). MEASUREMENTS: Objectively measured BMI (kg m --2 ) was the outcome variable and objectively measured sedentary behavior was the main predictor. Adjustment was also made for MVPA, gender, race, maternal education, hours of sleep and healthy eating index. RESULTS: Increases in BMI were observed at all percentiles, with the greatest increase observed at the 90th BMI percentile. Spending more time in sedentary behavior (h per day) was associated with additional increases in BMI at the 90th, 75th and 50th BMI percentiles, independent of MVPA and the other covariates (90th percentile ¼ 0.59, 95% confidence interval (95% CI . No associations were observed between sedentary behavior and changes at the 25th and 10th BMI percentiles. CONCLUSION: Sedentary behavior was associated with greater increases in BMI at the 90th, 75th and 50th BMI percentiles between ages 9 and 15 years, independent of MVPA. Preventing an increase in sedentary behavior from childhood to adolescence may contribute to reducing the number of children classified as obese.
INTRODUCTION
In recent decades, the prevalence of obesity, as defined by body mass index (BMI), has increased. 1, 2 The rightward shift in the BMI distribution has also been observed among children, and currently 17% of US children are defined as obese. 3 This observation is of particular public health importance as children with higher BMIs have an increased likelihood of developing metabolic and cardiovascular problems in later life. 4, 5 The causes of the shift in the BMI distribution are not fully understood. 6 One hypothesized contributor is sedentary behavior. Ecological data show parallel increases in markers of sedentary behavior, such as television sales and car ownership, with increases in BMI. 7 Furthermore, the transition from childhood to adolescence appears to be a key period during which sedentary behavior increases. 8 A recent study estimated that children aged 6 to 11 years spend on average 6 h per day in sedentary behavior, compared with 8 h per day among adolescents aged 16 to 19 years. 8 It is possible that this increase in sedentary behavior associates with changes in BMI in childhood, and longitudinal studies can contribute to our understanding of the relationship between sedentary behavior and BMI in childhood.
Previous longitudinal studies involving children have shown that more self-reported television viewing is associated with steeper BMI trajectories with age. 9 --16 Importantly, the association between television viewing and BMI remained significant in those studies that adjusted for physical activity levels. 11, 12, 14, 15 These observations provide evidence that the associations are not explained by less physical activity coinciding with more television viewing. The self-report of television viewing is a limitation of these studies and, to the best of our knowledge, only a single study has investigated the association between objectively measured sedentary behavior and BMI over time (6th to 8th grade). 17 In that study, there was no evidence of an association between time spent in sedentary behavior and change in BMI. 17 The purpose of the current study is to determine if objectively measured total sedentary behavior is associated with a change in BMI, in a sample of children as they age from 9 to 15 years, adjusting for time spent in moderate-to-vigorous physical activity (MVPA).
MATERIALS AND METHODS Participants
The National Institute of Child Health and Human Development (NICHD) Study of Early Child Care and Youth Development was initiated in 1991, and has been described in full detail elsewhere. 18, 19 In brief, participants were recruited at birth from designated community hospitals, linked to a university, in the following 10 geographic locations: (1) Little Rock, Arkansas; (2) Irvine, California; (3) Lawrence, Kansas; (4) Boston, Massachusetts; (5) Philadelphia, Pennsylvania; (6) Pittsburgh, Pennsylvania; (7) Charlottesville, Virginia; (8) Seattle, Washington; (9) Hickory and Morganton, North Carolina; and (10) Madison, Wisconsin (Figure 1 ). Those included at baseline closely resembled US 1990 census data in terms of ethnicity and household income. 18 Institutional review boards at each university approved the study, and the institutional review board at the University of South Carolina granted approval for the current secondary data analysis.
Study design
A prospective observational study design was used to address the aims of this study. The participating children wore accelerometers in 2000, 2002 and 2003 (ActiGraph 7164, ActiGraph LLC, Fort Walton Beach, FL, USA) when aged 9, 11 and 12 years; and again in 2006 (ActiGraph GTM1, ActiGraph LLC) when aged 15 years. Heights (m) and weights (kg) were measured at the same ages, allowing for the calculation of BMI (kg m --2 ).
Accelerometry protocol
Accelerometers collected and stored count data in response to movement, with higher counts indicating more intense movement. The accelerometers were initialized to collect data in 1-min sampling periods, and hence the count data were expressed as counts per min (c.p.m.). The participants were instructed to wear the accelerometer at the right hip by means of an elastic belt for 1 week; and to remove the accelerometer when bathing, participating in water sports and when asleep. Each participant had to provide X10 h of accelerometer wear time for a minimum of 3 days to be included in the present analyses. Continuous zero counts lasting for 60 min were considered non-wear-time. Similar protocols have been used in other studies. 8, 20 Sedentary behavior and physical activity
The min per day spent in sedentary behavior, light physical activity and MVPA were estimated from the accelerometry data. A cut point of o100 c.p.m. defined sedentary behavior. This cut point has been used in past studies to define sedentary behavior. 21, 22 The average min per day at X2296 c.p.m. was used to define MVPA; this cut point was developed by Evenson et al. 23 and was recently shown to be optimal at classifying MVPA in an independent sample of children aged 5 to 15 years. 23, 24 Light physical activity lies between sedentary behavior and MVPA, and the average min per day between 100 and 2295 c.p.m. defines time spent in light physical activity.
Body mass index
Height was measured using a 7-foot measuring stick that was fastened to a wall, and a T-square was rested on the child's head while standing tall and straight. Height was measured in duplicate to the nearest 0.32 cm. A physician's 2-beam scale was used for measuring weight, in duplicate to the nearest 0.1 kg. From the height and weight measures, BMI (kg m --2 ) was calculated, which is the metric used to monitor population levels of obesity. 1, 3 Covariates At 1 month, the mothers self-reported the gender and race of their child, and their level of education. Past studies have reported gender and race differences with regard to BMI 3, 25 and time spent in objectively measured sedentary behavior. 8 Maternal education was used as a marker of socioeconomic status, and previous studies have found that children from lower socioeconomic status backgrounds spend more time in sedentary behavior 26 and have higher BMIs. 27 The children self-reported the hours they slept per night at age 15, and past studies have reported associations between more time spent in sedentary behavior and less sleep, 28 and with higher BMI and less of sleep. 29 Finally, at age 15, the children recalled how many times the previous day they consumed fruit juice, a green salad or other raw vegetables, cooked vegetables or fruit (none, one, two or three or more times per day). Based on the responses a healthy eating score was calculated, ranging from 0 (worse) to 12 (better). Past studies have suggested that unhealthy eating habits while spending time in sedentary behavior may explain the relationship between sedentary behavior and increased BMI. 30 
Statistical analysis
For descriptive purposes, the medians and interquartile ranges for the accelerometer and anthropometric variables are presented by gender and age. Longitudinal quantile regression models were used to address the aims of the study. 31 Traditional regression models focus on the mean, and hence are limited in that they do not extend to the non-central locations of a distribution (that is, upper and lower tails). 32 In the context of obesity, there is a particular interest in the effect of predictors at the upper tail of the BMI distribution. Quantile regression is an extension of ordinary least squares regression and the coefficients from quantile regression are interpreted in the same manner (change in the outcome variable for each one-unit change in the predictor). 32 First, longitudinal quantile regression models were created to describe changes at the 10th, 25th, 50th, 75th and 90th sedentary behavior percentiles from ages 9 to 15 years. This was done to determine if changes in sedentary behavior over time were equal across the sedentary behavior distribution. Sedentary behavior was modeled as the dependent variable and time (coded: 0, 2, 3 and 6) and time 2 (coded 0, 4, 9 and 36) were included as independent variables to determine if changes in sedentary behavior were linear or curvilinear over time. Second, longitudinal quantile regression models were created to determine if sedentary behavior was associated with changes at the 10th, 25th, 50th, 75th and 90th BMI percentiles over time. In model 1, BMI was included as the dependent variable with time and time 2 as independent variables. This was to determine if changes in BMI were equal across the BMI distribution, and if the changes were linear or curvilinear over time. In model 2, sedentary behavior was also included as an independent variable to determine if sedentary behavior was associated with changes in BMI over time, and if the associations were equal across the BMI distribution. In model 3, MVPA (min per day) was included as a covariate to determine if any associations between sedentary behavior and the BMI percentiles were independent of MVPA. Finally, in model 4, adjustments were made for gender, race, maternal education, hours of sleep and healthy eating scores. The correlation between repeated measures on individuals was accounted for by using a first-order autoregressive (AR(1)) correlation structure. 31 The 95% confidence intervals (95% CIs) were estimated using 500 cluster bootstrap samples to account for the dependence between repeated measures. 31 All analyses were conducted using Stata (SE, release 10.0, StataCorp LP, College Station, TX, USA).
RESULTS
At baseline, a total of 1364 children were recruited into the study, and at ages 9, 11, 12 and 15 years, a total of 740, 681, 540 and 424 children provided both accelerometry and anthropometric data, respectively ( Figure 1) . Children born to mothers with a lower level of education were more likely to have missing anthropometric data at all ages, and missing accelerometry data at ages 9 and 11 years. Boys were more likely to have missing anthropometric data at ages 9 and 12 years. There were no race differences with regard to missing accelerometry or anthropometric data.
The descriptive statistics for the boys and girls are presented in Table 1 . The median hours per day spent in sedentary behavior were similar for both boys and girls at each age (Table 1) . Quantile regression models describing the change per year in the sedentary behavior percentiles are presented in Table 2 . These models were tested for time Â gender interaction terms, but there was no evidence that sedentary behavior changed differentially over time for the boys versus the girls. A curvilinear increase at the 50th sedentary behavior percentile was observed over time (5.2, 5.7, 6.1 and 8.2 h per day at ages 9, 11, 12 and 15 years, respectively). Compared with the 50th sedentary behavior percentile, a slower rate of increase over time was observed at the 10th sedentary behavior percentile (3.
Quantile regression models describing the change per year in BMI are presented in Table 3 (model 1). These models were tested for time Â gender interaction terms, but there was no evidence that BMI changed differentially over time for the boys versus the girls. At the 50th BMI percentile, a linear increase at a rate of 0.71 kg m --2 per year was observed. Curvilinear increases were observed at the 10th, 25th, 75th and 90th BMI percentiles. Specifically, the increases accelerated with age at the 10th and 25th BMI percentiles, whereas the increases slowed with age at the 75th and 90th BMI percentiles (Table 3 , model 1).
The association between sedentary behavior and the BMI percentiles from ages 9 to 15 years is shown in Table 3 (models 2 --4). All models were tested for time Â sedentary behavior interactions, but there was no evidence that time spent in sedentary behavior associated with BMI percentiles differentially with increasing age. At the 90th BMI percentile, an additional hour spent in sedentary behavior per day was associated with a 0.84 (0.43, 1.25) kg m --2 increase in BMI (Table 3) . This association remained after the additional adjustment for MVPA, gender, race, maternal education, hours of sleep and healthy eating score (0.59, 0.19 --0.98 kg m --2 ). Similar findings were observed at the 75th and 50th BMI percentiles, although the associations between sedentary behavior and BMI became progressively weaker toward the 50th BMI percentile. Time spent in sedentary behavior was not associated with changes in BMI at the 10th and 25th BMI percentiles ( Table 3) .
The associations between sedentary behavior and BMI across the BMI distribution are further presented in Figure 2 , in order to illustrate the potential impact of sedentary behavior on BMI, based upon the data observed in this study. Two BMI distributions are presented: one shows the predicted BMI distribution if all children had low levels of sedentary behavior (10th sedentary behavior percentile, Table 2 ), and the second shows the predicted BMI distribution if all children had high levels of sedentary behavior (90th sedentary behavior percentile, Table 2 ). The predicted leftward shift at the upper tail of the BMI distribution can be observed if time spent in sedentary behavior was reduced (Figure 2 ). Time spent in sedentary behavior, as predicted, has little influence at the lower tail of the BMI distribution (Figure 2 ).
DISCUSSION
Our longitudinal data provide evidence that spending more time in objectively measured sedentary behavior associates with greater increases in BMI during childhood. Importantly, the associations observed were independent of time spent in MVPA. Our findings using objectively measured sedentary behavior build upon previous longitudinal research that found positive associations between self-reported television viewing and BMI. 11, 12, 14, 15 Specifically, we observed that spending more time in sedentary behavior was associated with greater increases in BMI from ages 9 to 15 years at the 50th BMI percentile and above, with the associations stronger toward the upper tail of the BMI distribution. This suggests that reducing sedentary behavior at the population level may be an effective public health strategy for reducing the prevalence of obesity in childhood.
Quantile regression models were used to determine the association between objectively measured sedentary behavior and changes in BMI in the current study. The one previous longitudinal study that found a null association between objectively measured sedentary activity and BMI in children modeled the mean change in BMI. 17 We observed that the association between sedentary behavior and BMI was not uniform across the BMI distribution, which questions the appropriateness of modeling the mean change in BMI. Comparisons between our findings and those by Treuth et al. 17 are best made at the 50th BMI percentile, where we observed a weak positive association between sedentary behavior and BMI. Additional longitudinal studies using quantile regression to model the association between objectively measured sedentary behavior and changes in BMI are needed to confirm our findings.
Cross-sectional studies have used quantile regression models to study the association between television viewing and BMI in children. 33, 34 Those studies report that spending more time watching television positively associates with BMI at the 50th percentile and above, with stronger associations toward the upper tail of the BMI distribution among the children sampled. 33, 34 It is recognized that important covariates were not adjusted for in those studies, such as physical activity levels; but nonetheless, these cross-sectional data lend support to our longitudinal observations. The associations we observed were independent of time spent in MVPA, indicating that less MVPA does not explain the associations observed between sedentary behavior and BMI in the current study. We also adjusted for hours spent sleeping, which is important as it has been proposed that increased arousal from television and computer screens could disrupt sleep patterns that in turn could increase BMI. 28 Our observations remained similar after adjusting for hours of sleep. We also adjusted for healthy eating scores as it has been suggested that changes in dietary intakes while spending time in sedentary behavior may contribute to greater increases in BMI. 30 Again, our associations remained similar after adjusting for this latter variable, and previous longitudinal studies have shown that positive associations between screen time and BMI remained after adjusting for snacks per day, soda intake and percent intake from protein. 11, 13 Therefore, lower energy expenditure coinciding with more time spent in sedentary behavior appears to be a plausible mechanism to explain our observations. 35 Under this mechanism, reducing the total time spent in sedentary behavior at home, at school and while traveling would be expected to increase energy expenditure and lower the prevalence of childhood obesity. Specifically, replacing sedentary behavior with light-intensity physical activity may be sufficient to increase energy expenditure in this regard, given that our observed associations were independent of time spent in MVPA.
Intervention studies are needed to test the hypothesis that less time spent in total sedentary behavior increases energy expenditure and slows the rate of change in BMI during childhood. Past interventions have tended to focus on a single sedentary behavior in a single setting, such as reductions in television viewing at home. 12, 15 Although reducing television viewing was found to lower BMI trajectories in the intervention versus control groups, 12, 15 our data support the potential benefits of a broader intervention that targets total sedentary behavior. An intervention designed to concurrently reduce screen-based sedentary behaviors at home, 15 promote active commuting to and from school 36 and reduce sitting time in the classroom 37 could be tested in relation to energy expenditure and changes in BMI. Of course, care has to be taken when considering reductions in total sedentary behavior, as certain sedentary behaviors are important for childhood development (for example, sitting while reading and doing homework).
The strengths of the current study include the repeated objective measures of sedentary behavior and BMI, allowing for the investigation of sedentary behavior on change in BMI during a key developmental period. The use of quantile regression allowed for interpretation of the data beyond the mean, which is more relevant in the context of obesity where the upper tail of the BMI distribution is of more importance. 32 We studied BMI over time, which is important as this is the metric used to monitor population levels of obesity. 1, 3 However, future studies investigating changes in measures of total fat mass and site-specific fat mass would advance this area of research as BMI does not distinguish lean mass from fat mass, and the latter tissue is of particular metabolic importance. 38 We adjusted for several key covariates, but residual confounding may remain. For example, we adjusted for healthy eating score but future studies are needed to determine if sedentary behavior is associated with BMI, independent of total caloric intake. Furthermore, healthy eating score and hours of sleep were measured at age 15 years, and hence we were not able to account for changes in those variables, and the potential effect on our observed associations. Our sample was predominantly white, and the children were recruited from 10 geographic locations in the United States; replication of our study in a more diverse sample, and outside the United States, is necessary. A common limitation of longitudinal research is attrition and children born to mothers with a lower level of education and boys were more likely to have missing anthropometric data; this may have limited the generalizability of our results. The accelerometer model used to estimate sedentary behavior changed at age 15 (ActiGraph 7164 to ActiGraph GTM1). It is a limitation that the same model was not used across all study years. However, count data have been shown to be similar between the two accelerometer models. 39 Furthermore, we observed similar associations when we restricted our analyses to ages 9, 11 and 12 years (data not shown).
In conclusion, spending more time in sedentary behavior was associated with greater increases at the 90th, 75th and 50th BMI percentiles from ages 9 to 15 years. The associations observed were independent of time spent in MVPA and of several other potential confounders. Reducing time spent in sedentary behavior at the population level may help to reduce the number of children classified as obese. Figure 2 . BMI distributions at ages 9 (a) and 15 (b) years. Solid line is the predicted BMI distribution if all children in our sample had low levels of sedentary behavior. The dashed line is the predicted BMI distribution if all children in our sample had high levels of sedentary behavior. Low sedentary was defined as 3.8 h per day at age 9 years and 5.4 h per day at age 15 years. High sedentary behavior was defined as 7.0 h per day at age 9 years and 10.5 h per day at age 15 years. The vertical dotted lines represent the age-specific BMIs that project to a BMI of 30 kg m --2 (obese) at age 18 years. Kernel density estimation was used to plot the distributions (Epanechnikov, bandwidth 3).
